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SUMMARY
The overall purpose of this two-stage program is the demonstration of continuous Czochralski growth. In Stage 1, an existing Varian 2850 Czochralski furnace is to be modified for continuous growth by recharging; in Stage 2, a new puller is to be designed and shown capable of producing 100 kg of crystal from the same crucible with an after-grind yield of at least 70%.
The first stage of the program has progressed to the final assembly of the recharging system on the Czochralski furnace. All components are in place and functional, and the modified furnace is being tested prior to the start of process development. The feasibility of a 100 kg continuous growth process has been demonstrated by a recharge simulation comprising six melt/pull cycles with a single 20 kg charge; the total body length was 249 em (98 inch) with a calculated mass of 106 kg. Growth conditions were maintained for 67 hours with neither machine malfunction, excessive SiO accumulation, nor crucible failure. Examination of the crucibles revealed that devitrification and deformation are primarily responsib1e for the decrease in the wal1 thickness, which reaches ~50% of the minimum starting thickness at the locus· of maximum attack -the corner radius. fhe crucibles also showed nu ·'adherence to the residual charge, which may be due to the surface structure produced by the long-term exposure of the silica to mo1ten silicon. The second stage of the program is about to begin with design layouts of the new puller and general configurational studies.
-1 -
INTRODUCTION
The overall purpose of this program, 'which began on October 16, 1977 , is the demonstration of continuous Czochralski growth, defined as a throughput of silicon that produces 100 kg of single-crystal material, 10 em or greater in diameter, from one common container. The two prime constraints on the process to be developed are as fallows:
It is to be amenable to scaling up to largequantity, minimum-cost processing of silicon con~istent w1th the cstoJblished cost goals of ~$2,000 per peak kilowatt for completed arrays by 1982 and ~$500 per peak kilowatt by 1986. It is to be capable of producing silicon with the purity and the degree of structural per-· fection required fo.r the subsequent ·fabrication of solar cells with a terrestrial efficiency greater than 14%.
The program is in two coordinated sta.ges, each of which yields a functioning Czochralski puller. In Stage 1, an existing Varian·2850 Czochralski furnace has been modified for continuous growth by recharging, and the feasibility of 100 kg growth cycles has been demonstrated by simulation. Continuous Czochralski growth is now to be accomplished using batch recharging with granular silicon; in addition, continuous recharging with granular silicon is to be attempted, and r·echarg1ng with molten ~ilicon is to be cons1dered. In Stage 2, a new, prototype Czochralski puller is to be designed and shown capable of producing 100 kg of crystal from the same crucible with an after-grind yield of 70% or greater.
-2 - The furnace modification and the 100 kg recharge simulation, both accomplished during the current reporting period, had fallen behind schedule. The concomitant delays had been reported to JPL, and the Program Plan had been adjusted accordingly. The start dates of the several Stage 2 tasks were not affected.
RESULTS

Furnace Modification
The recharging system has been assembled on the Varian 2850 Czochralski furnace with all components in place and functional. The principal layout drawings are presented in Appendix I. The-most difficult phase was the installation of the lower feeder tube, which required that a port be opened through the water jacket of the furnace chamber. The internal baffle of the water jacket was redirected in the vicinity of the ·port in order to maintain effective cooling; the lower feeder tube was aligned with reference to both the remainder of the -recharging system and the·hot zone of the furnace, after which it was welded into position; and, finally, the feeder was wound with copper tubing for additional water cooling.
Tr.e operation of the recharging system at atmospheric pressure and at reduced pressures is smooth and continuously adjustable from a one-piece-at-a-time mode to a stream. The feed material passes through the charge-isolation valve and the inner guide tube without excessive bunching and then flows evenly down the lower feeder tube into the crucible. The rate of recharging is nicely controlled for granular polycrystalline silicon up to several centimeters long by from one to two centimeters across. Pieces longer than -3 -about five centimeters and very fine chips tend to feed more rapidly than is desirable; if necessary, these very large and very small sizes can be accommodated by the addition of baffles to regulate the flow.
100 kg Growth Cycle
The feasibility of 100 kg continuous growth was demonstrated by simulation; viz., by pulling and remelting one 15 em (6 inch) diameter ingot for a sufficient number of cycles, using a 20 kg charge contained in a 12 inch crucible. The first, unsuccessful attempt at recharge simulation was described in the last quarterly progress report. Three more trials were made during the present quarter. The second ended during the growth of the fourth ingot, after 40 hours, and yielded a total body length of 14 em (55 inch) with a calculated mass of ~60 kg. The third trial continued into the remelt portion of the fifth cycle, lasting 46 hours; it simulated the growth of 177 em (69~ inches) and 76~ kg. The fourth and last recharge simulation was successful in that six ingots with a total body length of 249 em (98 inches) and a calculated mass of 106 kg were pulled from the same melt. It also demonstrated that Czochralski growth at reduced pressure can continue for 67 hours with neither machine malfunction, excessive accumulation of silicon monoxide. nor crucible failure.
However, not one of the six crystals remained free of dislocations for more than 2~ inches below the crown, and, as seems to be generally true of such large d1amet~r 1ngots, the loss of dislocation-free growth was eventually followed by the appearance of polycrystalline regions. There were no obvious trends; the last crystal· growth did not differ perceptibly from the first. Indeed, since the sixth crystal -4 -was dislocation-free for the first 2 inches, it appears that the problem is one of growth technique rather than impurity_ build-up. In retrospect, the pull rate, which averaged 6.5 em per hour (2.5 inches per hour; 2.7 kg solidified per hour), was probably too high.
Crucible Examination
The recharge simulations provided sufficient used crucible sections to assess the effects of long-term exposure to molten silicon. The most salient observation is that the corrosion due to the reduction of the silica by silicon is negligible in comparison with the effects of devitrifi~ation and deformation. The corrosion rate is discussed in Section 4.2 in the context of silicon monoxide evolution.
Devitrification and deformation decrease the wall thickness to a far greater extent than reduction by the melt, but neither of these processes appears to pose an insuperable threat to the integrity of the crucible. Devitrification of the fused silica produces a uniform crust about 3/4-1 mm (0.03 -0.04 inch) thick over the entire outside surface of the crucible. As is usually true, the devitrification proceeds slowly once steady state is reached, and the thickness of the crust after the 67 hour recharge simulation was not appreciably greater than after a conventional 12 hour crystal growth. Because of the density increase upon crystallization, the crust is friable and easily chipped off at room temperature, leaving a glossy, irregular surface. There is an additional, pronounced thinning of the crucible wall at.the corner radius; i.e., at the locus of the minimum radius at curvature. This is also -.5-the location of the highest temperature and of the greatest room-temperature mismatch between the crucible and the graphite cup that supports it. Most likely, the crucible is merely stretched thin to conform to the contour of the cup in this region. Although accelerated reduction of the silica by the molten silicon probably occurs here because of the high temperature, the state of stress, and enhanced fluid flow in the melt, the effect is evidently small. Indeed, the thinning does not appear to proceed rapidly dur1ng its later ~t~g~s. since the wall thickness in the affected area is approximately the same after 40 hours and after 67 hours at tempetature.
The combined result of the several processes which act to thin the crucible wall is to reduce the thickness to about 1.5 mm (0.06 inch) at the corner radius, where the minimum starting thickness is 3 mm (0.12 inch). This is clearly the zone of maximum attack, and it is.here that the crucible will eventually fail from extended use.
A most interesting and unexpected phenomenon was observed after each of the four recharge simulations: there was essentially no bonding between the crucible and the residual melt which had been allowed to freeze in situ at the end of growth. In no case did the crucible adhere to the silicon. Examination of the inner surface of the crucible revealed that it was comprised of an array of ridges and valleys parallel to successive positions of the melt surface. It may be that this surface structure precludes appreciable wettin~ by the melt; another possihility is that the ridged interface provides a lnw-~trength path for parting. One obvious application for such a non-adherent quartz crucible is the horizontal zoning of silicon, which would permit the use of current germanium technology, with a potentially largP. reduction in the add-on cost for solidification. The most difficult aspect of the recharge simulations proved to be the remelting of the ingots. Indeed, two of the four simulations were terminated pr~maturely when the ingot was advanced too rapidly into the melt and touched the bottom of the crucible, snapping off at the seed. The occurrence of two such accidents requires explanation. Also, since the lowering of a one-piece polycrystalline rod has potential for both batch and continuous recharging, our limited experience on this mode of melt replenishment may be useful .
The remelting of the silicon ingots was accomplished in the following manner. With a residual melt of 2-3 kg, on the order of 2 em deep, the crucible was brought to its lowest position within the hot zone, the power input was increased to 79 kVA, and the crystal was lowered to a position just above the melt surface. After preheating, the remelt was begun by touching the crystal to the melt. When the molten silicon pulled away from the ingot, signalling the melting off of the tip, the crystal was advanced about 3 mrn (1/8 inc::h), anrl thP. rrnc:P.dure was repeated.
It was subsequently realized, however, that this incremental advance could be safely maintained for only a few inches. As the mass of molten silicon increased, the crystal began to melt more rapidly at the periphery, and the originally flat interface gradually developed a protrusion at its center. This change was not apparent to the operator; the meniscus at the central spike was hidden by the ingot itself, and the liquid column still appeared to fall away abruptly with melt-back. The spike slowly elongated, and, -7 -* by the time that remelting was half completed, it was long enough to preclude any acceleration of the procedure. This was the cause of the two accidents. After about one hour of incremental 3 mm advances, with a deep melt and an apparently short length of ingot remaining, the operator increased the rate of advance --with disastrous results.
Silicon Monoxide Evaporation and Crucible Corrosion
Silicon monoxide is evolved by the melt as the product of its reduction of thP. silir.n r.riJr.ihlP, nnrl itc; rate of evaporation limits the rate of crucible corrosion. The discussion presented below shows that there is good agreement between theory and experience on the rates of both evaporation and reduction; it supports our contention that crucible corrosion per se is not a likely failure mechanism.
The mass evaporation rate r of a pure substance is Under the conditions that obtain during the Czochralski growth of silicon at· reduced pressure, it can be assumed that the evaporation surface is uncontaminated and that the evaporant is swept away before appreciable recondensation occurs. Thus, av goes to unity, p vanishes, and the rate equation assumes its maximum theoretical value:
When the evaporant is a component of a solution, its vapor pressure is decreased below that of the pure substance. This is expressed by Raoult's law, which states that the vapor pressure Pi of the ith component in the solution is proportional to· the product of its mole fraction X; and its equilibrium vapor pressure p~ 1n the pur~ state. -11 -* laboratory* by collecting and weighing the silicon monoxide deposited within the furnace during Czochralski growth:
(The above rate is termed a minimum sinr.P some silicon monoxide is known to have been carried away in the argon stream.) Clearly, there i~ sufficiently good agreement between theory and experienr.P. tn recommend confidence in the results.
The mass evaporation rate can be used to estimate the crucible corrosion, provided that the reduction of the quartz by the molten silicon is limited by the loss of the product silicon monoxide. Since the value calculated from the maximum theoretical expression for will be employed in what follows. of the crucible are given below.
r is the larger, it
The pertinent dimensions The standard 12 x 9 inch fused quartz crucible used in the present study has the following nominal dimensions: 29.6 em inside diameter, 22.4 em inside height, 5.08 em corner radius, and 40.0 em bottom radius. For ease of calculation, it can be divided into a lower part approximating half an ellip5oid of revolution with volum~ 2,380 cm:1 and surface area 840 cm 2 , and an upper, cylindrical part of length 17.8 em with volume 688 cm 3 per em of length and ,., surface area 93 cmL per em of length. With a 20 k9 chargP. . of silicon, the melt fills the crucible to a depth of 12.6 em and covers 1580 cm 2 of inner surface; the free surface of the melt has an area of 688 cm 2 .
Research Journal No. 100, p 24. Varian Associates, Lexington Vacuum Division, Lexington, MA.
-12 -
The total mass evaporation rate of silicon monoxide from the free surface of the melt is 0.0083 g SiO per sec neglecting both the loss of evaporation surface to the crystal-melt interface and the reduction in area when the melt level falls into the rounded bottom of the crucible (depth less than 4.6 em; mass less than 6.1 kg). Since one formula weight of silica is converted to two of silicon monoxide, the mass and volume removal rates of material from the crucible are, respectively, 0.0056 g Si0 2 per sec 0.0021 cm 3 Si0 2 per sec with the density set equal "to 2.65 g per cm 3 as was done by Schmid and Khattak (loc.cit.). The volume removal rate can be divided by the effective surface area of the crucible in contact with the melt to yield a depth removal rate; using the full area covered by a 20 kg charge gives 0.0048 em per hr
inch per hr
This rate of wall recession is approximately three times larger than that reported by Schmid and Khattak, as would be expected from the difference between the theoretical and observed mass evaporation rates. It is also twice the empirical 11 0ne mil per hour 11 rule-of-thumb which has general -13 -* currency in the silicon industry. Thus, the reduction of silicon dioxide by the molten silicon is sufficiently slow to obviate concern that the crucible will be breached by this process alone during a 100 kg growth cycle. During recharging, as contrasted with recharge simulation, the reduction of the silica crucible would be hastened by the repeated addition of charge material unsaturated with oxygen. growth cycle proposed in the product1on of 100 kg a throughput of 106 kg.
According to the continuous the First Quarterly Report*, of usable crystal would require Assuming that the charge is oxygen-free, saturation of the ingots and the residual melt would require approximately 12 g of oxygen. Making the conversions presented above, this corresponds to 22 g of silica, 8.3 cm 3 of silica, and 0.13 mm (0.0052 inch) of wall recession. In other terms, the maximum quantity of crucible materiRl required to saturate the 5ilicon with oxygen is about as much as would be consumed by evaporation (at the maximum theoretical rate) during 2-3/4 hours. This is an insignificant amount.
Conclusions and Recommendations
It may be concluded, on the basis of the 100 kg recharge simulation, that such extended growth cycles are within the capabilities of a suitably modified Czochralski furnace usi11y ~LdrJdard quartz crucibles. (The minimum wa11 thickness specified for the corner radius may be increased, as a precaution.) Unfortunately, the failure to maintain dislocation-R. G. Wolfson and C. B. Sibley, 11 0evelopment of Advanced Methods for Continuous Czochralski Growth't (Silicon Sheet Task of the Low Cost Silicon Solar Array Project)~ JPL Contract No. 954884, First Quarterly Progress Report (January 11, 1978) , Table II. -14 -free growth beyond the first 2 inches of body length precludes drawing any conclusions about attainable crystal quality, although the problem seems to have been one of growth technique.
It is recommended that the absence of bonding between the crucibles used in the recharge simulations and the residual silicon charges be investigated further. In particular, it should be determined whether the ridged morphology produced on the crucible surface is responsible for the potentially useful non-adherent behavior.
PLANS
Plans for the immediate future are as follows:
Completion of testing of the recharging system. Start of batch melt-replenishment experimentation.
Plans for the next quarter comprise both the development of batch-recharge process and the start of the design of all components of the prototype puller.
-I~ - The detail and assembly drawings will be included in the next quarterly report, after the completion of testing. ~Pay rate assumed equal to that of occupational classification 812884 {welder).
tt Pay rate assumed equal to that of occupational classification 726130 (assembly foreman).
